Background: Excessive glucocorticoid secretion has been associated with type 2 diabetes mellitus (T2DM) and other features of the metabolic syndrome. We aimed to evaluate whether basal or evening salivary cortisol may predict the occurrence of incident insulin resistance (IR) or T2DM.
Introduction
Type 2 diabetes mellitus (T2DM) pathogenesis may involve the hypothalamic-pituitary-adrenal axis (HPA) (1) . Common features observed in T2DM and metabolic syndrome, such as elevated fasting glucose, obesity, hyperlipidemia or hypertension, might be linked with an excess of glucocorticoid secretion (2, 3, 4) . Patients with metabolic syndrome and concomitantly higher fasting cortisol have been related with more prevalent central obesity and hypertension, a higher triglycerides (TG) level, increased insulin resistance (IR) and a higher fasting plasma glucose (5) . Patients with T2DM may exhibit evidence of subclinical hypercortisolism such as higher 24-h urine-free cortisol levels, higher plasma cortisol levels after dexamethasone suppression test and higher basal plasma cortisol levels compared to people not having T2DM (6, 7, 8, 9, 10, 11, 12) . Similarly, Cushing syndrome, which is characterized by an excessive endogenous glucocorticoid production, is associated with IR and cardiovascular risk factors (13) . Several studies have shown that individuals with glucose intolerance or T2DM exhibit a significantly higher level of chronic stress and hormonal stress responses (14, 15) . Salivary cortisol has been established as a reliable indicator of circulating cortisol concentrations and HPA axis function (16) . Moreover studies assessing stress-linked perturbation of HPA axis have proposed that sustained-activated HPA axis and subsequent cortisol increase might be associated with features of the metabolic syndrome (17, 18) . Furthermore, in patients with T2DM, increased HPA activity is associated with the presence of diabetes complications, and the level of cortisol secretion is linked to the number of diabetes complications (19) .
Cortisol secretion follows a circadian rhythm with a nadir at midnight, starts to rise at 02:00-04:00 h, displays a peak briefly after waking up and then shows a progressive decrease during the day (20) . The normal circadian rhythm is disturbed in Cushing syndrome (21) . Salivary cortisol can be used instead of serum total cortisol, since it represents the free fraction of cortisol, which is the active form (4) . Prospective studies evaluating the link between cortisol secretion using salivary cortisol and new onset of T2DM remain limited. In the Longitudinal Aging Study of Amsterdam (LASA), elevated evening salivary cortisol was associated with future T2DM development in women but not in men (22) . In the Whitehall II Study, T2DM was related to a significantly flatter slope in salivary cortisol decline across the day and a greater bedtime salivary cortisol (18) . In the same cohort, new onset of impaired fasting glucose (IFG) and T2DM was associated with a trend toward a flattened diurnal cortisol slope (23) .
The aim of this study was therefore to assess the predictive value of basal and evening salivary cortisol on the incidence of IR and T2DM at 5.3 years, in a prospective population-based study conducted in healthy adults aged 50-75 years in Lausanne (Switzerland).
Materials and methods

Subjects recruitment
The CoLaus/PsyCoLaus (Cohorte lausannoise) study was designed to evaluate the prevalence of cardiovascular risk factors and to identify new molecular determinants of these risk factors in healthy adults living in the city of Lausanne (Switzerland). The study was approved by the Institutional Ethics Committee of the University of Lausanne and all participants provided written informed consent. The sampling procedure of the CoLaus/ PsyCoLaus study has been described previously (24, 25) . Briefly, a simple, non-stratified random sample of 19,830 individuals of the city of Lausanne was drawn. The inclusion criteria were (a) written informed consent; (b) willingness to take part in the examination and to provide blood samples and (c) age between 35 and 75 years. Recruitment started in June 2003 and ended in May 2006 and included a total of 6733 participants. The assessment integrated an anamnesis, a physical examination, blood analysis and a set of questionnaires. The first follow-up visit was conducted between April 2009 and September 2012, 5.6 years on average after the collection of baseline data. The second follow-up was conducted between May 2014 and April 2017, 10.9 years on average after the baseline. Salivary cortisol was collected only in the follow-ups; hence, for this study, the first follow-up was considered as the baseline period.
Salivary cortisol
Saliva samples were taken using cotton swabs ('Salivette', Sarstedt, Germany). Each participant performed a salivary sample collection on waking up and in the evening. Subjects were informed not to brush their teeth and to avoid eating, drinking, smoking and exercising half an hour before the salivary sample collection (26) . Subjects stored the saliva samples at home in their freezers before returning them to the laboratory together with the saliva protocol, where they were stored at −20°C until biochemical analysis. Free urinary cortisol, ACTH or cortisolemia were not assessed.
Free cortisol levels in the salivary samples were measured using a commercially available chemiluminescence assay (IBL, Hamburg, Germany). Inter-assay and intra-assay coefficients of variability were <9%.
Biological data collection
Venous blood samples (50 mL) were collected in the fasting state. The majority of biological plasma measurements were performed at the clinical laboratory of the Lausanne University Hospital (CHUV). Glucose level was measured by glucose dehydrogenase with a maximum interassay CV of 2.1% and a maximum intra-assay CV of 1.0%. Insulin was evaluated by a solid-phase, two-site chemiluminescent immunometric assay (Diagnostic Products Corporation) with a maximum intra-assay CV of 13.7%. HDL cholesterol was measured by cholesterol oxidase-phenol-aminophenazone + polyethylene glycol + cyclodextrin with a maximum inter-assay CV of 3.6% and a maximum intra-assay CV of 0.9%. TGs were assessed by GPO-PAP with a maximum inter-assay CV of 2.9% and a maximum intra-assay CV of 1.5%.
Dyslipidemia was defined as TG concentration >2.82 mmol/L (250 mg/dL) or a HDL cholesterol <0.9 mmol/L (35 mg/dL), which are indications for testing for diabetes on the basis of the American Diabetes Association recommendations (27) . T2DM was defined by a fasting glucose ≥7.0 mmol/L and/or if the participant reported having an anti-diabetic treatment. Fasting plasma glucose and insulin were measured, and the homeostasis model assessment index of IR (HOMA) was calculated according to Matthews et al. (28) Insulin resistance was defined by a HOMA index >2.6 (29) .
Other covariates
All individuals had a visit in the morning after an overnight fast (minimum fasting time: 8 h). Participants were asked about their personal and family history of cardiovascular disease and cardiovascular risk factors as well as their treatment.
Subjects were considered as smokers if they currently smoked, irrespective of the amount of duration; former smokers were considered irrespective of the time since quitting smoking; never smokers were defined as subjects, who never smoked.
Physical activity was evaluated by a set of questions (30) previously validated in the population of Geneva. This self-reported questionnaire evaluated the type and duration of 70 kinds of (non) professional activities and sports during the previous week. Total daily energy expenditure was computed and participants were categorized into tertiles of physical activity.
Body weight and height were measured with participants standing without shoes in light indoor clothes. Body weight was measured in kilograms to the nearest 100 g using a Seca scale (Seca GmbH), which was calibrated regularly. Height was measured to the nearest 5 mm by using a Seca height gauge. BMI was computed as weight in kg divided par height in m 2 . Blood pressure was measured three times on the left arm, with an appropriately sized cuff, after a rest of at least 10 min in the seated position with the use of an Omron HEM-907 automated oscillometric sphygmomanometer (Omron Healthcare). The average of the last two measurements was used for analyses. Hypertension was defined as a systolic blood pressure ≥140 mmHg and/or a diastolic blood pressure ≥90 mmHg and/or presence of antihypertensive drug treatment.
Exclusion criteria
Participants were excluded if they (1) had T2DM at inclusion; (2) did not participate in salivary sampling; (3) did not participate in the follow-up; (4) had any missing data in smoking status, bodyweight, height, hypertension, dyslipidemia or history of cardiovascular disease at baseline or (5) had missing data regarding T2DM or IR at follow-up.
Statistical analysis
Statistical analyses were conducted using Stata version 15.1 (Stata Corp.) for Windows. Descriptive results were expressed as number of participants (percentage) for categorical variables and as average ± s.d. for continuous variables. Bivariate comparisons were performed using chi-square for categorical variables or Student's t-test for continuous variables. As it was not possible to obtain the precise data of the conversion into T2DM, the association between quartiles of salivary cortisol and incident T2DM or IR was modeled using logistic regression. Results were expressed as odds ratio (OR) and (95% confidence interval) using the first quartile as reference. Two multivariable models were applied: the first one adjusted on age and gender; the second adjusted on age, gender, BMI, physical activity and smoking status. Testing for trend (linear, quadratic and cubic) regarding the effect of quartiles of salivary cortisol was performed using the contrast p. command of Stata.
A sensitivity analysis was performed to take into account the fact that excluded and included participants differed significantly regarding several clinical and demographic characteristics. First, the probability of participation was computed using a logistic model with gender, age and BMI categories, smoking, tertiles of physical activity, hypertension, dyslipidemia and personal history of CVD as the independent variables. The inverse of the probability of participation was used for weighting (31) .
Statistical significance was considered for a two-sided test with P<0.05.
Ethics, consent and permissions
The Institutional Ethics Committee of the University of Lausanne, which afterward became the Ethics Commission of Canton Vaud (www.cer-vd.ch) approved the baseline CoLaus/PsyCoLaus study (reference 16/03), the first (reference 33/09) and the second (reference 26/14) follow-ups. The study was performed in agreement with the Helsinki Declaration and its former amendments, and in accordance with the applicable Swiss legislation. All participants gave their signed informed consent before entering the study.
Results
Characteristics of participants
Of the initial 5064 participants, 1525 (30.1%) were retained for analysis. The reasons for exclusion are indicated in Fig. 1 and the characteristics of the included and the excluded participants are summarized in Supplementary Table 1 (see section on supplementary data given at the end of this article). Excluded patients from the analysis were more often male, overweight, smokers and had more often hypertension or dyslipidemia (Supplementary Table 1) .
Associations between salivary cortisol and incident IR or diabetes mellitus
After a follow-up of 5.3 years, respectively 376 (24.7%) and 32 participants (2.1%) of the 1525 included participants developed IR or T2DM. Participants who developed IR were more often male, older, overweight or obese, sedentary, had more often hypertension and dyslipidemia as well as a positive history of cardiovascular disease (Table 1) . Participants who developed T2DM were more often overweight or obese, had more dyslipidemia, but there was no age or sex difference (Table 2) . Smoking was associated with neither IR nor T2DM development (Tables 1 and 2 ). Basal salivary cortisol divided in quartiles showed no association between cortisol level and incidence of IR or T2DM (Table 3) . After adjusting for age and gender, no association was found between basal salivary cortisol and incident IR or T2DM. A second multivariable model adding BMI, physical activity and smoking status as adjusted variables showed no association between basal salivary cortisol and new onset of IR or T2DM (Table 4) . Similarly, evening salivary cortisol divided in quartiles showed no association between cortisol level and incidence of IR or T2DM (Table 5) , and this remained true after multiple adjustments (Table 6 ). Because of the low incidence of IR and T2DM, we performed a multivariable analysis of the association between quartiles of salivary cortisol and incident IR and T2DM at 5.3 years average follow-up, using inverse probability weighting. This analysis confirmed the absence of significant association between basal salivary cortisol and incident IR or T2DM (Supplementary  Table 2 ), and between evening salivary cortisol and incident IR or T2DM (Supplementary Table 3 ). Finally, bi and multivariable analysis did not show any significant association between basal or evening salivary cortisol quartiles and BMI, fasting plasma glucose or insulinemia (Supplementary Table 4 ).
Discussion
To our knowledge, this is one of the largest prospective studies assessing the association between salivary cortisol and incident IR or T2DM. Our results show that neither basal nor evening salivary cortisol is associated with newonset IR or T2DM. Salivary cortisol measurement may represent an attractive way to evaluate glucocorticoid excess. Salivary cortisol has some advantages compared to blood or urine measurements. Salivary cortisol is noninvasive, whereas blood sampling could be stressful and artificially increase cortisol levels. Individuals can collect samples in their normal environment. Urine collections have the disadvantage of requiring a 24-h collection. However, salivary cortisol has some limitations. Notably, it varies diurnally, displays an inconstant awakening response and daily acute fluctuations (32, 33) .
In this study, we could not show an association between basal or evening salivary cortisol and risk of future IR or T2DM. In the Whitehall II Study, six samples were taken over the course of a normal weekday allowing assessing the cortisol awaking response, the slope across the day and the bedtime cortisol (23) . Interestingly, the authors did not observe any significant association between these different cortisol measurements and incidence of T2DM, which is in concordance with our findings using basal and evening salivary cortisol measurements. In the LASA cohort, only older individuals (≥65 years) were included and salivary cortisol was taken in the morning and in the evening. In this study, the authors found an association between salivary cortisol and risk of new T2DM only with the evening salivary cortisol in women (OR 1.33, P = 0.01). Evening cortisol in men and morning salivary cortisol in women and men were not associated with the risk of T2DM development (22) . Thus, both studies showed that overall morning or evening salivary cortisol do not predict new onset of T2DM (22, 23) , which is in line with our results. Therefore, although salivary cortisol has been shown to be a marker of the HPA axis (14) , it does not predict incident IR or T2DM, suggesting that stress of the HPA axis might not be the cause, but could be secondary to T2DM, as proposed by several studies (15, 18) .
Strengths and limitations
Strengths in the present study include a relatively large sample size of healthy adults and the homogeneity of the Statistical analysis by chi-square; the P value corresponds to the chi-square comparing the distribution of participants with and without incident insulin resistance between quartiles of the different variables. n = 1444 no diabetes mellitus and n = 30 diabetes mellitus. a Insulin resistance defined by a HOMA index >2.6, n = 1115 no insulin resistance and n = 359 incident insulin resistance. population. We used incident IR using a validated cut-off for the HOMA index (28) not used in the previous study assessing salivary cortisol and risk of new T2DM (23) . Nevertheless, our study has some limitations. First, there is a substantial amount of individuals that were not analyzed (69.9%), mainly because of the absence of salivary cortisol measurements. Still, inverse probability weighting taking into account the likelihood of being included led to similar findings. The relatively short follow-up (5.3 y) reduced the amount of new-onset IR or T2DM, whose incidence was low, and thus reduced statistical power. Moreover, due to the nature of our epidemiological study, diagnosis of T2DM was based only on fasting plasma glucose and not on an oral glucose tolerance test or HbA1c, which may lead to an underestimation of incident IR or T2DM cases. Several factors may impact cortisol measurement, such as oral, injected or topical glucocorticoids. Nevertheless, our analysis shows that there was no significant difference between treated and untreated subjects by corticoids regarding incident IR or T2DM (data not shown). Also, estrogen replacement or contraceptive pills are known to affect total cortisol levels. However, these drugs do not affect salivary cortisol, which measures free cortisol. Exact time of morning and evening salivary cortisol collection was not reported in our study and thus time between awaking and cortisol measurement may vary between participants. Also, due to the nature of the study, we could not measure free urinary cortisol, ACTH or cortisolemia, which might be better hormonal markers than salivary cortisol. Finally, this study included only Caucasian participants, generalization of the results should therefore be cautious.
In conclusion, our study suggests that basal and evening salivary cortisol measurements, in a cohort of healthy adults of a wide age range, are not associated with incident IR or T2DM, even after adjustment for the main risk factors pertaining to IR and T2DM.
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